Aminopeptidase N is a species-specific receptor for transmissible gastroenteritis virus (TGEV), which infects piglets, and for the 229E virus, which infects humans. It is not known whether these coronaviruses are endocytosed before fusion with a membrane of the target cell, causing a productive infection, or whether they fuse directly with the plasma membrane. We have studied the interaction between TGEV and a cell line (MDCK) stably expressing recombinant pig aminopeptidase N (pAPN). By electron microscopy and flow cytometry, TGEV was found to be associated with the plasma membrane after adsorption to the pAPN-MDCK cells. TGEV was also observed in endocytic pits and apical vesicles after 3 to 10 min of incubation at 38°C. The number of pits and apical vesicles was increased by the TGEV incubation, indicating an increase in endocytosis. After 10 min of incubation, a distinct TGEV-pAPN-containing population of large intracellular vesicles, morphologically compatible with endosomes, was found. A higher density of pAPN receptors was observed in the pits beneath the virus particles than in the surrounding plasma membrane, indicating that TGEV recruits pAPN receptors before endocytosis. Ammonium chloride and bafilomycin A 1 markedly inhibited the TGEV infection as judged from virus production and protein biosynthesis analyses but did so only when added early in the course of the infection, i.e., about 1 h after the start of endocytosis. Together our results point to an acid intracellular compartment as the site of fusion for TGEV.
Coronaviruses cause a wide spectrum of diseases in humans and animals, among which respiratory and enteric diseases are the most commonly seen (for a review, see reference 19) . Epithelial cells of the digestive and respiratory tracts are the primary sites of replication for many coronaviruses. It is of great interest to understand in detail how different genetic subsets of coronaviruses (11) gain entry into these cells and whether they use similar or different strategies for fusion and penetration. Substantial evidence has been provided that coronaviruses enter their target cells by using different plasma membrane glycoproteins as receptors. Thus, several members of a family of carcinoembryonic antigens are known to act as receptors for mouse hepatitis virus (MHV) (12, 43) . The class II membrane protein aminopeptidase N (APN) (26, 31) was demonstrated to be the major receptor for the porcine coronavirus transmissible gastroenteritis virus (TGEV) (8) , the human coronavirus 229E (42) , the feline coronavirus (2, 38) , and the canine coronavirus (2, 38) , all of which belong to a genetic subset that differs from that of MHV (11) . APN is apically expressed in epithelial cells, which has the consequence that these cells are preferably infected from the apical side (34) . Studies on the biosynthesis and intracellular transport of human APN in MDCK cells have shown that the majority of the APN is transported directly from the trans-Golgi network to the apical membrane (41) .
The S glycoprotein of the coronavirus envelope plays a crucial role in the early steps of infection, since it carries functions for both receptor binding (15, 23, 25) and virus-cell membrane fusion (6) . A complete understanding of the infection mechanisms of the coronaviruses includes the identification of their site of fusion. It is an unsettled matter whether penetration occurs by fusion directly with the plasma membrane or whether the different coronaviruses are endocytosed before fusion and penetration (19, 28) . Until now most of the studies aimed at answering this question have focused on MHV. It has been shown that low pH is not a requirement for MHV infection (13, 21) . In addition, it has been reported that MHV internalization by endocytosis does not necessarily lead to a productive infection (1, 21) . Furthermore, the pH optimum for the cell-cell fusion activity of MHV is above 7.0 (35, 37) . Taken together, these data make it most likely that fusion and penetration of MHV take place at the plasma membrane level. On the other hand, it has been reported that MHV infection is delayed by ammonium chloride (29) , which is known to prevent pH-dependent membrane fusion in other virus systems (27, 28) . This might suggest that endocytosis of MHV occurs prior to penetration (22, 29) . However, the observed retardation by ammonium chloride could as well depend on unspecific cellular effects of the drug.
We have studied the early virus-cell interactions of TGEV in order to settle whether this virus fuses with intracellular membranes after endocytosis of the TGEV-pig APN (TGEVpAPN) complex or whether fusion occurs directly after attachment to the primary receptor at the cell surface. For this purpose we used a transfected cell clone (pAPN-MDCK) of the polarized cell line MDCK which stably expresses recombinant wild-type pAPN at high levels (8) . This makes it possible to monitor the TGEV-pAPN complexes and pAPN alone by immunoelectron microscopy. For some experiments analyzing the importance of low endosomal pH for infection, the naturally fully permissive ST cells (24) were used as well. A direct interaction between the TGEV receptor pAPN and TGEV at the plasma membrane level was demonstrated, and the formation of this complex was found to increase endocytosis. After endocytosis, the TGEV-pAPN complexes were transported further to large intracellular vesicles that were morphologically compatible with endosomes. Bafilomycin A 1 and ammonium chloride added before endocytosis inhibited infection in pAPN-MDCK cells and inhibited productive infection in ST cells, demonstrating that acidity is important for infection. These findings provide biochemical evidence that the morphological observations of endocytosis are related to the productive infection.
MATERIALS AND METHODS
Virus and cells. The cell-adapted Purdue-115 strain was used as a TGEV source. Virus suspensions were produced on the PD5 cell line, purified by centrifugation through a sucrose gradient (purified virus particle suspension, 1.2 mg/ml), and then titrated on the ST cell line as described earlier (24) (physical/ infectious particle ratio, 10 to 50) (23a). pAPN-MDCK cells (8) or transfected MDCK cells expressing tailless pAPN (TLpAPN-MDCK cells) (see below) were grown in Eagle's minimal essential medium supplemented with 2 mM L-glutamine, 10% fetal calf serum, 100 U of penicillin per ml, and 100 g of streptomycin per ml.
Tailless pAPN cDNA, encoding a membrane-bound form of pAPN in which the 9-amino-acid N-terminal cytoplasmic sequence is exchanged for a Met-AlaArg sequence attached to the transmembrane part of the anchor, was constructed as previously described in detail (40) . MDCK cells were transfected with 20 g of pTej-4 (20) , containing the cDNA coding for the tailless pAPN, and 2 g of pSV2-neo. G418-resistant clones were then isolated and subcloned as described previously (40) . The expression of tailless pAPN was analyzed by enzymatic measurements, and the correct molecular weight was assessed by sodium dodecyl sulfate (SDS) gel electrophoresis followed by Western blotting with a specific antibody directed against the denatured pAPN C subunit (36) .
pAPN-MDCK or TLpAPN-MDCK cells (10 5 ) were seeded into 6.2-mm-diameter 24-well (0.45-m-pore-size) Transwell chambers (Costar Europe Ltd., Badhoevedorp, The Netherlands). Twenty-four-hour-old confluent monolayers were used. The tightness of the filter-grown monolayers was assayed by filling the inner chamber to the brim and monitoring a constant fluid level after 5 h.
TGEV particles were adsorbed to tight filter-grown layers of pAPN-MDCK or TLpAPN-MDCK cells by adding 40 l of purified virus particle suspension in 0.4 ml of medium (4°C) to the apical side (10 4 to 10 5 virus particles per cell). After adsorption (60 min, 4°C), the virus-containing solution was removed and the cells were rinsed once and further incubated at 38°C for different lengths of time (0 to 60 min). The incubations were stopped by cooling to 4°C, and the filters were then washed three times with isotonic phosphate-buffered saline, pH 7.2.
Inhibition of infectivity. Ammonium chloride and bafilomycin A 1 (Sigma Chemical Co., St. Louis, Mo.) (3), both of which are known to neutralize low-pH organelles, were used as inhibitors of virus penetration.
TGEV (50 PFU per well) was added to pAPN-MDCK cell monolayers in minimal essential medium containing newborn calf serum (5%). After 120 min at 4°C, unbound virus particles were removed by rinsing with the medium three times. Ammonium chloride (25 mM final concentration) was then added to the incubation mixtures at different time points before and after the temperature was raised to 38°C (see Fig. 5 ). In all experiments the cells were left with ammonium chloride for 2 h. The cells were then washed free of the drug with minimal essential MEM medium. The perturbation of productive infection was measured as a reduction of the cytopathic effect on the cells. The cytopathic effect was measured as the reduction of the acetic acid-mediated release of crystal violet incorporated in cells surviving the cytopathic effect of TGEV after fixation and staining, as previously described in detail (9) . Similar experiments were also performed with ST cells and 200 PFU per well, and the degree of perturbation was assayed by the reduction in plaque formation (24) .
To further study the importance of organelle acidity for TGEV infection, the effects of bafilomycin A 1 and ammonium chloride on the biosynthesis of viral proteins was studied by using the naturally permissive ST cells (24) . TGEV was adsorbed and endocytosis was initiated as described above for the pAPN-MDCK cells. Bafilomycin A 1 (5 M) or ammonium chloride (25 mM) was added at different times (0 to 180 min) after the start of endocytosis. Three hours after virus adsorption, the cultures were supplemented with 50 Ci of [
35 S]methionine per ml of medium and then incubated for 5 h for protein labelling. The cells were then solubilized by incubation (1 h, 4°C) in 10 mM Tris-HCl (pH 8.0) containing 2% Triton X-100, 0.15 M NaCl, 0.6 M KCl, and 0.5 mM MgCl 2 , and 10 3 U of aprotinin per ml was added. Undissolved material was removed by centrifugation (10,000 ϫ g, 30 min, 4°C). TGEV proteins were immunoisolated and analyzed by SDS-polyacrylamide gel electrophoresis as described earlier (33) .
Flow cytometry. pAPN-and human APN-expressing MDCK cells were released from the culture bottles by trypsination. The cells (5 ϫ 10 5 ) were incubated at 4°C for 1 h in the presence of TGEV (2 ϫ 10 8 PFU/ml). After being washed three times with cold staining medium (Dulbecco's modified Eagle's medium supplemented with 3% bovine serum albumin and 0.02% sodium azide), the cells were incubated (4°C, 1 h) in TGEV antibody solution produced in pigs (24) (diluted 500 times). The washed cells were then incubated in an excess of fluorescein isothiocyanate-labelled affinity-purified rabbit immunoglobulin G (IgG) against porcine IgG (Biosys, Compiègne, France). The cells were then washed, fixed in phosphate-buffered paraformaldehyde (5%), and analyzed on a FACScan apparatus (Becton Dickinson). Ultrastructural analyses. The cells were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2 (PB), for 30 min. After fixation, the filters were cut from their holders, washed in PB, and postfixed in 1% osmium tetroxide in PB for 15 min at 4°C. After treatment with 1% uranyl acetate in water for 1 h at 20°C, the cells were dehydrated in a graded series of ethanol solutions and finally embedded in Epon. Ultrathin sections were cut on an Ultramicrotome III (LKB, Stockholm, Sweden), stained in lead citrate for 5 s, and examined in a Zeiss EM 900 electron microscope operated at 80 kV. Apical vesicles were counted as the vesicles present in the 20% apical part of the cells.
Immunogold staining. Immunogold labelling of pAPN was performed on filter-grown cells fixed and processed as described above. Ultrathin sections (approximately 100 nm) were etched in 1% hydrogen peroxide in water for 5 min and washed in TBS (0.05 M Tris-HCl buffer, 0.15 M NaCl, pH 7.4) containing 1% Triton X-100. To minimize nonspecific antibody adsorption, the sections were treated with 3% bovine serum albumin in gold buffer (0.02 M Tris-HCl, 0.15 M NaCl, 0.25% bovine serum albumin, and 1% Triton X-100, pH 8.2) for 30 min at 20°C. The sections were then incubated in a rabbit anti-pAPN IgG (diluted in gold buffer) directed against the denatured pAPN C subunit (36) for 20 h at 4°C and for 1 h at 20°C in a moist chamber. After three washes (10 min each) in gold buffer, the sections were incubated with centrifuged (5,000 rpm, 15 min; SS-34 Sorvall centrifuge) sheep anti-rabbit IgG conjugated to 5-nm-diameter gold particles (16) for 30 min at room temperature. The sections were rinsed three times (10 min each) in gold buffer, twice (5 min each) in TBS, and twice (5 min each) in water. The sections were finally contrasted in lead citrate for 45 s before examination in a Zeiss EM 900 electron microscope operated at 80 kV.
The quantitative evaluation of the density of pAPN in the plasma membrane beneath the virus particles and in the adjacent plasma membrane was performed directly on a monitor connected to the electron microscope. The numbers of gold particles in the formed pits beneath the virus particles and in a corresponding length of the adjacent plasma membrane were counted.
Statistics. Quantitative data are presented as means Ϯ standard errors. For significance tests, Student's t test was used.
RESULTS
TGEV is endocytosed and transported to large vesicles in the target cells. pAPN-MDCK cells, which express pAPN at a high level, were incubated with TGEV at 4°C for 60 min from the apical side, followed by incubation at 38°C for different lengths of time (0 to 60 min). The cells were directly fixed at the end of the incubation and further processed for electron microscopy, and the morphology was examined.
Initially a high number of virus particles were seen closely associated to the apical plasma membrane (Fig. 1A) . Frequently the virus particles were seen in close proximity to pits (Fig. 1B and C) formed by invagination of a thickened plasma membrane, indicating that the pits are protein coated. Infection of pAPN-MDCK cells with TGEV induced a significant (P Ն 0.98) increase of the number of pits observed per cell profile in comparison to that in uninfected cells (Table 1) . Similarly a significant (P Ն 0.95) increase in the number of pits was observed when TLpAPN-MDCK cells were used in a similar experiment (Table 1) .
Approximately 20-nm-wide gaps between the plasma membrane of the coated pits and the viral membrane were observed (Fig. 1B and C) . Frequently, electron-dense linear structures were observed in these gaps. This material most probably represents the viral spikes formed by S-protein trimers (7) interacting with their membrane receptors (pAPN). We have not observed any continuity between viral and plasma membranes, which is compatible with the view that fusion does not occur at the plasma membrane level.
After 10 min of incubation at 38°C, the apical cell surface was partially cleared from viral particles. TGEV particles were now present in small vesicles beneath the apical plasma membrane, as illustrated by the electron micrographs in Fig. 1D and E. Thus, 0.64 Ϯ 0.08 (n ϭ 150) apical vesicles per cell profile were found in the TGEV-infected cells 10 min after the elevation of the temperature to 38°C. This is a significantly (P Ն 0.99) higher value than that found for uninfected cells (0.36 Ϯ 0.05; n ϭ 150). Occasionally, TGEV-containing smooth vesicles were observed close to large vesicles (Fig. 1E) , indicating fusion between these compartments. Large intracellular vesicles (Fig. 1F ) containing many TGEV particles were often observed. In these large vesicles the virus particles were seen associated with the cisternal face of the membrane at a distance of approximately 20 nm. The electron-dense material between the TGEV particles and the membrane, which is assumed to represent the S-protein-pAPN complex, was also observed in these vesicles. Morphologically, these vesicles are compatible with endosomes. Free, non-membrane-associated virus particles were very infrequently observed. The TGEVpAPN complexes are thus also kept intact in these endosomelike structures, which are likely to have an acidic pH promoting the dissociation of the ligand-receptor complexes (5) .
pAPN is specifically involved in TGEV-cell binding and in the internalization process. Flow cytometry shows that binding of TGEV to the cell surface is specifically dependent on the presence of pAPN. This is demonstrated by an analysis using the pAPN-MDCK cells and MDCK cells transfected by human APN (39) . Distinct TGEV binding was seen for the pAPN-MDCK cells (Fig. 2b) , but no such binding was observed for the MDCK cells transfected with human APN (Fig. 2a) .
Immunogold labelling of pAPN on the TGEV-infected pAPN-MDCK cells was seen in close proximity to the virions present in pits (Fig. 3A and B ) after incubation at 38°C for 10 min after the viral adsorption. In the pits beneath the virus particles, 2.18 Ϯ 0.14 (n ϭ 348) gold particles were observed. This is significantly higher (P Ն 0.999) than the number (0.73 Ϯ 0.08; n ϭ 347) found in corresponding lengths of the plasma membrane outside the pits in the same cell. The corresponding values for TGEV-infected TLpAPN-MDCK cells are 2.8 Ϯ 0.19 (n ϭ 102) and 0.26 Ϯ 0.05 (n ϭ 101) in the corresponding lengths of the plasma membrane outside the pits, again showing a significant (P Ն 0.999) increase in labelling of the pits after TGEV infection. Together the data clearly demonstrate that the interaction between TGEV and its receptor pAPN causes a clustering of pAPN molecules.
In the pAPN-MDCK cells, two distinct populations of large intracellular vesicles were observed. One population carries TGEV particles; another does not. The population containing TGEV particles displayed a significantly higher (P Ն 0.999) gold labelling (12.27 Ϯ 0.96 gold particles per organelle [64 organelles analyzed]) than the vesicles that are free of TGEV (1.11 Ϯ 0.21 gold particles per organelle [90 organelles analyzed]) (Fig. 3C and 4) , showing that the majority of pAPN is present in the same organelles as the endocytosed TGEV.
TGEV membrane fusion and penetration occur in an acidic compartment. Biochemical studies using the lysosomotropic drug ammonium chloride (30) or the proton pump inhibitor bafilomycin A 1 (3) showed that these drugs have a significant inhibitory effect on the TGEV infectivity. They completely blocked the effect of TGEV on ST cells and potently reduced the effect of TGEV on pAPN-MDCK cells when added during the first hour after the start of endocytosis. Ammonium chloride is known to raise the pH in intracellular organelles 1 min after addition (30) , making it possible to inhibit a low-pHdependent fusion process at defined time points. The almost complete inhibitory effect of ammonium chloride on the infectivity of TGEV in the fully permissive ST cells is demonstrated in Fig. 5b . Ammonium chloride does not influence the infectivity of TGEV later when present exclusively during the adsorption phase at 4°C, a temperature that blocks endocytosis. This indicates that the drug does not influence the binding of TGEV to the plasma membrane, as almost 100% infectivity is achieved after warming the system to 38°C, thereby allowing endocytosis.
Half-maximal inhibition occurred about 1 h after warming, suggesting that penetration occurs in late endosomes. Ammonium chloride also had a significant inhibitory effect on viral protein synthesis (Fig. 6B) when added 0 to 40 min after initiation of endocytosis.
A significant half-maximal inhibition of infection (Fig. 5a ) was observed when similar experiments were carried out with the pAPN-MDCK cells. In this type of experiment, the drug effect was measured by an assay of reduction of cytopathic effect, as TGEV infection does not cause plaques in this cell system (9) . In this case also, half-maximal inhibition occurred about 1 h after warming, supporting the idea that penetration occurs in late endosomes.
In addition, the proton pump inhibitor bafilomycin A 1 was used to further study the importance of acidic compartments for the TGEV infection. Addition of this drug at 0 to 40 min after adsorption of TGEV to ST cells strongly inhibited the TGEV infection as monitored by the complete inhibition of TGEV protein biosynthesis (Fig. 6A) . The drug was without effect when added 80 min after adsorption or later, indicating that the sensitive period for viral inhibition is about 1 h after the start of viral uptake. This is compatible with the view that penetration occurs by a low-pH-dependent mechanism. Invaginations with a diameter similar to that of the membrane of the virus particles were occasionally observed in the TGEV-containing large vesicles (Fig. 1F) . These invaginations may represent fusions between TGEV particles and the vesicular membranes, thus providing morphological support for the conclusion that fusion and penetration of TGEV occur in intracellular vesicles morphologically compatible with endosomes.
DISCUSSION
pAPN has been shown to be the major receptor for TGEV (8) . In this study we extend this information by use of immunoelectron microscopy. Thus, we demonstrate that TGEV particles initially are adsorbed to the plasma membrane of the pAPN-MDCK cells via its receptor pAPN, as the immunogold labelling for pAPN is found in close proximity to the TGEV particles after virus binding. During binding, the virus particles carrying many receptor (pAPN) binding sites recruit pAPN molecules, as a local high density of pAPN molecules is observed beneath the virus particles. This phenomenon is not dependent on the cytoplasmic tail, as the tailless pAPN is concentrated in a similar way in the membrane. The formation of these pAPN-TGEV complexes in the plasma membrane seems to increase the endocytosis rate, as indicated by the increase in the number of pits and the number of apical vesicles in the infected cells. The virus particles seem to act as cross-linkers of pAPN, thereby inducing endocytosis in a way similar to that of antibodies against surface antigens (antibodymediated endocytosis) (4). It is not known whether endocytosis of TGEV occurs via the clathrin-or non-clathrin-dependent mechanism or via the combination of both. The thickening of the membrane below the adsorbed TGEV particles observed in many cases might, however, indicate the involvement of clathrin-coated pits.
After endocytosis, the pAPN-TGEV complexes are transported to (or form) a distinct population of vesicles rich in TGEV particles and pAPN molecules. (4°C, 1 h) . The cells were then incubated at 38°C for 10 min. (A) Gold labelling demonstrating the presence of pAPN is seen just beneath the TGEV particle (arrow) and to a lesser extent in the rest of the of ammonium chloride and bafilomycin A 1 , has to occur not later than 1 h after initiation of endocytosis for a productive infection to occur suggests that a late endosomal population is the site for TGEV genome penetration. This notion is further supported by the electron microscopic observation of structures compatible with fusions between viral and the vesicular membranes. Thus, both morphological and biochemical data are compatible with the view that an intracellular vesicular compartment is the site of TGEV genome penetration. We never observed syncytium formation in any of the cell lines examined, even with a brief incubation of infected cells at a slightly acidic pH (unpublished data). This might argue against an acid mechanism for the virus-membrane fusion, thereby excluding an intracellular vesicular compartment like endosomes as the site of TGEV fusion and penetration. However, it is known that the requirements for syncytium formation are more stringent than those for fusion with membranes in target organelles (18) . This weakens the importance of the absence of syncytium formation in the discussion of the site of viral fusion. TGEV is an enteropathogenic virus for which it is well established that natural infection in vivo is oronasal (32) . Thus, exposure to the very low pH in the stomach does not lead to complete inactivation of the virus. TGEV infectivity has been shown to be unaltered down to pH 3 (24) , which is an unusual feature among enveloped viruses. This could imply that a conformational change induced in the S protein is at least partially reversible, as has been described for the rabies virus (14) . It might be suggested that exposure to acidic pH is not sufficient to induce and keep a putative fusion peptide in an exposed state but that an additional interaction with a membrane component, for example, the receptor (pAPN), is required.
In contrast to our observations for TGEV, syncytium formation has been observed for the mouse coronavirus MHV. In this case a slightly alkaline pH has been found to be optimal for triggering MHV fusion (22, 35, 37) . For this virus, internalization has been proposed to be of no importance for productive infection (1, 21) . Thus, there seems to be a discrepancy between TGEV and MHV, which belong to two different genetic subsets of coronaviruses (11) , with respect to site of fusion and penetration.
The mechanism for uptake and penetration of TGEV might also be of relevance for other coronaviruses of the same genetic subset, like human coronavirus 229E, which usually do not cause syncytium formation. The initial mechanism of infection for TGEV thus is very similar to what has been found for many other groups of enveloped viruses (18, 27, 28) . Together, the data reported in this paper strongly reinforce the opinion that pAPN is a functional receptor for TGEV. To our knowledge, our report is the first in which visualization of the cellular uptake of the virus-receptor complexes has been demonstrated. The model system presented in this paper constitutes a good system for further studies of the structural requirements of pAPN-TGEV interaction and the uptake of the virus-receptor complex. As a starting point for such studies, the binding site of TGEV has been mapped outside the catalytic site to the C-terminal part of pAPN (10) . The identification of the structural parts of pAPN involved in endocytosis is of high interest for the understanding of the uptake mechanism. In this paper evidence is presented that pAPN-TGEV interaction stimulates endocytosis. How this is exerted is for the moment completely unknown. It might be speculated that the interaction stimulates protein kinase A-dependent phosphorylation, which has been demonstrated to increase endocytosis (17) . 
